Measurements of the 57 Fe Mössbauer effect and magnetic susceptibility have been performed on 57 Fe-doped quasi-l-d antiferromagnetic chains of Li 2 MnF 5 and Na 2 MnFg as a function of temperature. The Mössbauer spectra, fitted by the Blume-Tjon model, show definite relaxation effects near the Neel temperature, which are attributed to short-range order with temperature-dependent relaxation times. The soliton model of non-linear excitations was applied. Experimental data confirm the predicted exponential temperature dependence of the thermal excitation of moving domain walls. From the activation energies E 2 Jk 2 as a function of 1-d exchange energies J/k the local anisotropy energy D/k of -3.7(2) K was derived on the basis of sine-Gordon theory. This result is in fair agreement with -3.5(1) K previously derived from magnetic susceptibility measurements. In the light of our results there is some evidence that at low bridging angle ß % 102(5)° a phase-transition from antiferromagnetic to ferromagnetic ordering occurs.
Introduction
Extended spin fluctuations can be observed over a wide range of temperature in one dimensional magnetic lattices, and this is one of the interesting points in the study of such a system [1] [2] [3] [4] [5] [6] [7] [8] [9] . In these compounds, linear physics involving magnons or spin waves appears to be insufficient to describe their physical properties, and non-linear physics becomes dominant. Non-linear excitation, as a soliton, is the magnetic domain wall which is the transition region between two different but energetically degenerate ground states in magnetic systems with easy-axis anisotropy. In a ferromagnet, a 7i-soliton mediates a spin up and spin down region. Similar 7i-solitons separate degenerate ground state configurations of the antiferromagnetic chain, which are obtained by a simultaneous rotation of the spins of the two sublattices over an angle n. One uses the term soliton for the large amplitude solutions of a non-linear differential equation, e.g. the sine-Gordon equation.
The static properties of the 1-d domain walls, with wall energy £ s and wall-width N s , may be estimated * Department of Chemistry, University of Sheffield, Western Bank, Sheffield 53 7HF, U.K.
Reprint requests to Prof. Dr. J. Pebler. from the corresponding Hamiltonian. Assuming that the spin S is large enough to allow the approximation of the quantum-mechanical spins by classical spin vectors, the chain may be described by the hamiltonian
H=X(2JS,S l+l +D (S 2 ) + E (S 2
X -S ; 2 ,)),
where S and S x (= x, y, z) are spin operators relating to the occupied energy levels. The chain direction is along the z axis. The first term represents an isotropic Heisenberg exchange interaction between two neighbouring spins on the chain. D and E are the axial and orthorhombic crystal field parameters. The single-iontype anisotropy may arise from the crystal field potential. The orthorhombic term takes into account the anisotropy in the plane perpendicular to the principal axis. It can be shown that E and J > D for all cases of interest here in which the magnetic moments are directed along the chains. In the classical domain wall theory [10] the wall energy £ s from (1) with D P E is simply the sum of the contributions due to the exchange energy and anisotropy, yielding 
Stability requires £ s to be a minimum, and after minimization with respect to N s one obtains [11] 
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In comparison with these results of the classical domain wall theory, solutions of the sine-Gordon equation yield [11] £ s = 4S 2 | Z) J| 1/2 and
for the ferro-and antiferromagnetic chain systems. As far as the static properties of the solitons are concerned, there is no difference (except for a factor n/2) at all between the various approximations. It is remarkable that the elementary classical domain wall theory [10, 11] already yields the correct order of magnitude and functional dependence of exchange and anisotropy energy.
Solitons in magnetic chains are moving domain walls. Their structure is determined by the competition between the exchange energy J (which favours a broad wall) and the anisotropy energy D (which favours a narrow wall). In highly anisotropic chain compounds, the soliton width N s decreases to zero. Under the assumption that the "narrow" solitons neither interact with other solitons nor with the lattice, they can be described as an ideal soliton gas [11] . These free solitons have the interesting feature that their energy is preserved when they are moving along the chains. In the free gas approximation the soliton density n s increases exponentially with temperature: n s ocexp(-EJkT) [12] . A passing 7r-wall flips the electron spin. The flipping rate G m is proportional to the product n s v s of wall density and average wall velocity v s , so that
where E s is the excitation energy for solitons. The average time between two flips amounts to G~1. The dynamic behaviour of the solitons determines the spin correlation function [12] , These solitons may be conveniently studied in real quasi-l-d ionic compounds, e.g. in 57 Fe doped fluoromanganates(III) with easy-axis anisotropy in which the magnetic moments are arranged in widely separated chains such that the ratio of interchain to intrachain exchange interaction J'/J is very small [13] [14] [15] [16] . A domain wall that passes the Mössbauer ion flips the hyperfine field H hf , and the flip rate may become low enough to fall within the Mössbauer frequency window. With the aid of Mössbauer spectroscopy one probes the autocorrelation function, ^
of the electronic spins on the magnetic chain [12] . 5 [18]) on the dynamic and static properties of the nonlinear excitations extracted from a series of Fe(III) Mössbauer spectra and measurements of the magnetic powder susceptibilities. We pay attention to the relationship between the soliton activation energy and the 1-d exchange energy proposed by the soliton theory. In doing so, our aim is to test how far the magnetic anisotropy can be extracted from dynamic properties of powder samples with the aid of Mössbauer spectroscopy.
Experimental
The powder sample of Li 2 MnF 5 Magnetic data were obtained from 1.8 to 330 K by using a SQUID magnetometer in a magnetic field from -55 up to 55 kG [21] , Mössbauer measurements Table 1 . Space groups SG, bridge angle ß(Mn-F-Mn), metal-metal distances M M and M-M' within and between the chains, respectively, and axial and equatorial M-F distances for the compounds listed below. were performed from 1.8 to 300 K by using standard equipment described in [13] and a 20 mCi 57 Co(Rh)
source.
Crystallographic Characterization
The structures of Li 2 MnF 5 and Na 2 MnF 5 were First solved by Massa et al. [19, 20] . Both compounds show monoclinic symmetry (see Table 1 + to obtain a coordination number of 6 comparing with 12 for Rb 2 MnF 5 (H 2 0) [22, 23] , Thus, these chain structures seem to be a good model system for studies of the angular dependence of exchange and soliton activation energies. The molecular z axes (of the D 4h molecular unit) of Li 2 MnF 5 and Na 2 MnF 5 are taken parallel to the 3.70 Ä and 3.86 Ä bond directions and thus make angles of 29.3° and 23.7° with the b crystallographic axes, respectively. The coordination around Mn(III) is very nearly axially symmetric (rhombic distortion is less than 0.1%). The EPR spectra of the analogous chain compound (NH 4 ) 2 MnF 5 (space group Pnma, Z = 4) at room temperature are nearly isotropic with two small signals at the values g ± = 2.002 and g^ = 1.997 [24] . Then, in our case for local orthorhombic symmetry, the influence of zerofield splitting on the measurable magnetic properties can be accounted for by considering (1) 
Magnetic Susceptibility
Since we failed to obtain appropriate single crystals we have performed magnetic susceptibility measurements on powders of the compounds Li 2 Mnj .^Fe^Fg and Na 2 Mn! _ x Fe v F 5 (x = 0 and x = 0.02) with the aid of our SQUID-Magnetometer [21] . The results for the pure manganese compounds agree within experimental error with our former measurements obtained with a VSM [19] .
Measurements of the magnetic powder susceptibility of Li 2 Mn 0 98 Fe 0 02 F 5 and Na 2 Mn 0 . 98 Fe 0 . 02 F 5 show a broad maximum in the y versus T curve at Tizmax) = 35 K and 50 K, respectively. They are undoubtedly due to short-range antiferromagnetic interactions within the linear chains (see Figures 2-3 ). Assuming 5 = 2 and g = 2 we have fitted Fisher's expression [27, 28] for the magnetic powder susceptibility of a chain to our data by adjusting the exchange energy J/k:
where Strong evidence of three dimensional long range ordering is given from the appearance of hysteresis phenomena and residual magnetization. The discrepancy between theory according to (7) and experiment below T(/ max ) is probably due to the existence of a weakly canted rather than a strictly antiferromagnetic spin arrangement below the ordering temperatures T N , leading to a divergence of susceptibilities. [17] we find that the spins are nearly antiparallel to the z axis (chain direction), but they have small canted components along the x axis (per- pendicular to the chain direction) in the ordered state which produce a weak ferromagnetism observed in the compounds above. The chain direction is denoted as z axis independent of the crystallographic orientation. The canting angle cp is caused by the local anisotropy (D/k = -3.5(2) K) producing a different preferential direction for the moments which are on different sublattices. This mechanism occurs when the local arrangement of the atoms around the sites of the magnetic ions are tilted with respect to each other. As long like as we treat the problem an isolated chain [25] , the canting angle cp of the spins is obtained as
where z denotes the number of nearest neighbouring spins. The direction of local anisotropy for each sublattice is assumed to make an angle 5 = (180° -ß)/2 with the positive or negative z axis. If the preferred direction due to the anisotropy is the same for both sublattices (5 = 0), the canting angle cp is evidently equal to zero. An increase of <5 also increases the canting angle. If, on the other hand, the exchange interaction J is zero it is easily seen that cp = Ö. When the appropriate values of the parameters are substituted, the canting angles are obtained as given in 
7 Fe Mössbauer Effect
The temperature dependence of the Mössbauer spectra for powder samples of Li 2 Mn 0 98 Fe 0 02 F 5 and Na 2 Mn 0 98 Fe 0 02 F 5 are shown in Fig. 5 and Fig. 6 , respectively. The spectra were analyzed by fitting symmetric Lorentzian lines. Above 50 K the spectra were essentially the same. There is, as already discussed for Rb 2 Mn 0 99 Fe 0 01 F 5 [13] , (NH 4 ) 2 Mn 0 98 Fe 0 02 F 5 [17] , and enH 2 Mn 0 98 Fe 0 02 F 5 [30], some slight temperature-independent asymmetry over this temperature range that we attribute to sample texture. The two lines have unequal intensities, the lower energy one being more intense. This can be explained by non-random orientation of crystallites in the absorber, since sample-crystals readily cleave in chaines parallel to the absorber planes. From the intensity difference we concluded that the lower-energy line is the (± 1/2 -> ± 1/2) line and that the quadrupole splittings for Fe 3+ in 
where 9 and <P are the angles of H hf with respect to the EFG principal axis system. The fits were insensitive to <P due to the vanishing value of the asymmetry parameter. Analysis of the 4.2 K spectra showed that the main axes of the nearly axial symmetric EFG tensors are tilted by an angle of about 9 ~ 26° and 22° with respect to the hyperfine field directions. This might be due to the isolated chain structure and the different bond conditions, as already discussed in [13] . The positive values of the quadrupole splittings show that the octahedra are distorted in such a way that the four equatorial fluorine anions are closer to the iron ion and the two axial anions are more remote, in agreement with the interatomic distances listed in Table 1 [13, 17] , the transition from the paramagnetic state to the magnetically ordered state is accompanied by slow and fast relaxation phenomena below and above T N , respectively, which may be attributed to non-linear excitations of domain walls. This effect masks the transition usually observed near the critical point and prohibits an accurate determination of the ordering temperature by Mössbauer spectroscopy. The possible occurrence of slow spin-spin relaxation may be excluded as explained in [13] . Additionally, we have considered the occurrence of superparamagnetic effects or spin glass behaviour. However, as the magnetically split spectra are still observed above the ordering temperature, this would create a great discrepancy with other experimental results [13] . The origin of the broadened asymmetric spectra in the region near the critical point must be attributed to residual 1-d correlations above the phase transition [11] .
The detailed theoretical analysis of domain wall dynamics and solitons in magnetic chains shows [35] that, in a certain range above the critical temperature, the density of n domain walls and their motion determines the spin autocorrelation function <5(0) 5(f)), which is obtained by measuring the fluctuating hyperfine field H h{ (t) x 5(f) (see (5)).
Finally, the Mössbauer spectra of Li 2 Mn 0 98 Fe 0 02 F 5 and Na 2 Mn 0 98 Fe 0 02 F 5 were successfully fitted by adopting the Blume and Tjon relaxation model [36, 37] , in which it is assumed that the hyperfine field jumps stochastically between the two possible values + H hf and -H h( . This takes into account a time-dependent Hamiltonian. Thus, the hf interaction is replaced by a fluctuating effective field, and the decrease in the fluctuation rate causes line broadening, asymmetric spectra, and related phenomena. The relaxation phenomena are closely related to the excess linewidths of the transmission lines in the Mössbauer spectrum. Consequently these have to be determined with optimal accuracy. Therefore one would like to have small residual linewidths, linear backgrounds and good S/N ratio, and everything with in a reasonable measuring time. These causes conflict. In our experiments we have studied a sample with 0.12 mg 57 Fe (or 6 mg natural Fe) per cm 2 absorber surface.
The corresponding residual linewidths at low-and high-temperatures of 0.27 mm/s are acceptable. The excess linewidth with respect to the natural linewidth of 0.194 mm/s is always observed and is independent of the relaxation process in the chain.
In applying the Blume-Tjon model, our Mössbauer spectra can be fully fitted at all temperatures, with the flipping rate G m and the ratio of probabilities that H h{ jumps to -H m and vice versa, as the only adjustable, temperature dependent parameters. In these fits the other Mössbauer parameters were kept at the values determined at low temperatures, see Table 3 . From the resolved spectra, clusters with different relaxation frequencies must be present in the temperature range near 13 K. Between 9 and 13.5 K, there appears in addition -as mentioned above -a central asymmetric doublet due to faster relaxation that is still observable up to 30 K (see Figures 5 and 6 ).
As may be seen from the figures (note the different velocity scales in the figures), the fits reproduce the observed spectra remarkably well. The resulting values for G w are plotted in Fig. 7 on a logarithmic scale versus the inverse temperature. Knowing that the solitons are moving above T N , one would like to investigate what the soliton dynamics looks like. Therefore it is of interest to compare the experimental data with the predictions from the soliton theory. In Fig. 7 [38] , The temperatures at which the drop of the flip rates In G w occur in Fig. 7 correspond to 8 K, 11 K, 14.5 K and 26.5 K [13, 17] , One may interpret this as a blocking of the domain motion by the onset of 3-d long-range order. The 3-d ordering points are few degrees lower. We determined the values of the Neel temperature T N = 4.2(5), T n = 6.0(5), T N = 8.5(5) K [17] , and T N = 23(1) K [13] from susceptibility measurements, respectively. The trend of the activation energy from Mössbauer experiments is quite convincing. Since our main interest was to determine the anisotropy energy from Mössbauer experiments -as described above -we consider that such a decrease of activation energy E A with decreasing exchange energy J/k may be understood from the domain wall theories of (3) and (4) .
As mentioned in [13] this approximation may be convenient if the spin value is large, so that the classical spin vector is approached, and if the characteristic wavelengths of the fluctuations in the spin system (e.g. the widths of the solitons N s ) are large compared to the lattice spacing.
Assuming that the domain wall theories are also valid in the present case of a random system, and inserting in (3) and (4) the experimental values of J/k, E A = E s or E A = 2E S , and the average spin of the solid solutions S ~ 2, we can now estimate from the dependence of E A as a function of the intrachain exchange interaction J the anisotropy constant D (see Fig. 8 ), which may be compared with the predictions from soliton theories (see Table 5 ). It is noteworthy that experimental methods like spin cluster excitations [39] Table 5 that the dominating relaxation mechanism also observed in the Mössbauer spectra is the thermal excitation of soliton pairs. The single-ion anisotropy D/k = 3.7 K derived from solutions of the sine-Gordon approximation of (4) Exchange Energy -J/k LK3 Fig. 9 . Dependence of the Curie-Weiss temperature 9 p on the 1-d exchange energy J/k. The straight line represents the linear least-squares fit and is a guide to the eye.
Conclusion
It is worthwhile to establish that the dependence of the activation energy E A as a function of the 1-d exchange energy J calculated by a least squares fit yields an intercept on the J axis of about -5 K (see Figure 8) . In the light of our results we have to conclude that the exchange energies derived from the sine-Gordon equation (4) are different from the exchange energies determined from the susceptibility measurements of (7). It is well-known that the Fisher model, (7), applied on susceptibility measurements favours within the 1-d magnetic phase the antiferromagnetic exchange energy, whereas the local method of Möss-bauer spectroscopy may support the effective exchange energy, possibly two contributions of an antiferromagnetic and a ferromagnetic part.
The suggestion that a ferromagnetic superexchange contribution favored for 90
: cation-anion-cation interaction reduces the antiferromagnetic coupling between the manganese ions, at least in the range of very low bridge angles, is confirmed by the dependence of the Curie-Weiss temperatures 9 p and Neel temperatures T N VS. the 1-d exchange energies J in Fig. 9 and Fig. 10 
